Abstract: Ti6Al4V samples have been prepared by Direct Metal Laser Sintering (DMLS) with varied laser power. Some of the samples were stress-relief annealed. The microstructure of materials was investigated using a light microscopy. Columnar grains of martensite dominate in as-made microstructure. Stress-relief annealing led to the white acicular phase growth in the structure with a fishbone arrangement on the boundary of some original martensitic needles. Mechanical properties of materials were characterized through hardness measurement in two directions relating to the sample building direction. It was found that the hardness of materials increased with a laser power and values varied from 370 to 415 HV 0.3/30. After stress-relief annealing, the structure of materials being homogenized, pattern spacing dissolved and the hardness in both directions became stabilized at values of 350-370 HV 0.3/30. The laser power affects the corrosion rate of the material. The lowest corrosion rate was recorded at the maximum laser power (190 W). Heat treatment does not affect the corrosion rate remarkably, however it leads to stabilization of corrosion potential of materials Ecorr. The surface of the samples was modified by an abrasive blasting using spherical (zirblast) and sharp-edged (white corundum) blasting abrasives and three levels of air pressure. The abrasive blasting of sintered materials led to a decrease of the surface roughness of materials with air pressure increasing. Blasting with zirblast led to a more significant decrease of roughness parameters compared with surfaces blasted with sharp-edged white aluminum. Different shapes of abrasives caused characteristic surface morphology.
Introduction
In the field of applied biocompatible materials in medicine, there is continuous development [1] [2] [3] [4] . The materials used for biomedical applications must exhibit certain specific characteristics, namely sufficient mechanical properties, corrosion resistance [5, 6] , and biocompatibility. For production reasons, their workability is also a matter of concern.
Titanium and Ti-based alloys are considered to be the most attractive metal materials for biomedical purposes and form a huge part of materials used in the construction of dental and The technology and parameters of the production of the implants are also involved in the final properties, Figure 1 . Influence of particular DMLS parameters on the final implant properties was investigated by many researchers [14] [15] [16] [17] [18] [19] [20] . Manufacturing of fitted implants are often implemented by a rapid prototyping (RP) technology, since each product possesses the unique shape. RP technologies are an additive technology using CAD models that transforms into thin horizontal layers and then shapes particular material to the final product. In DMLS (Direct Metal Laser Sintering) technology, remelting of powder with a laser beam occurs [21, 22] .
The aim of this paper is to determine the impact of the laser power in Ti6Al4V powder sintering on the microstructure, mechanical properties, and corrosion resistance of the final product. The opportunity to modify the surface morphology of implants by an abrasive blasting with two blasting abrasives is verified as well. The influence of sintering parameters on final properties of material in DMLS technology [23] .
The aim of this paper is to determine the impact of the laser power in Ti6Al4V powder sintering on the microstructure, mechanical properties, and corrosion resistance of the final product. The opportunity to modify the surface morphology of implants by an abrasive blasting with two blasting abrasives is verified as well.
Materials and Methods
For the realization of experimental work, a powder of Ti6Al4V alloy has been used, Table 1 . This commercial powder had spherical morphology with an average particle size of 50 μm. Test samples were prepared by DMLS technology using EOSINT M280 (nominal power 200 W, EOS Electro Optical Systems, Munich, Germany), Figure 2 . Table 1 . Chemical composition of powder used (wt. %). In DMLS technology the powder is provided to the working cylinder in a thin layer of a fixed thickness. Simultaneously, the powder surface in the working cylinder is scanned with a high-energy Yb-fiber laser system according a defined pattern. The scanner has a significant impact on the part accuracy. It guides the laser beam arriving from the beam expander optics along a defined path over the building area using two mirrors operated by galvanometers. An integrated autocalibration feature (home-in function) checks the mirror positions and regulates the positions if necessary. In this way offset drift and gain drift are significantly reduced. The laser beam is focused on the building area using an F-Theta objective.
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The layer sintering process is repeated till the whole part is created. The powder is locally melted at the laser beam track and then solidified. A steel platform serves as structural support and heat dissipation during sintering. To protect from oxidation, the process takes place in an argon atmosphere. 
The Shape and Dimensions of the Test Samples
For experimental works, three groups of test samples with dimensions of 20 mm × 20 mm × 2 mm were performed. These groups differ in the power of laser sintering: 150 W, 170 W, 190 W. Laser speed was 1250 mmps, wavelength of Yb-fibre laser beam: 1060-1100 nm, wavelength of the pumping beam: 960-980 nm, the thickness of the layer was 0.03 mm. Variable focus diameter (the spot size) was adjusted to 0.1 mm. Focal length of the F-Theta objective: 410 mm, divergence (solid angle): approx. 20-30 mrad. Stepover 0.1 mm.
Heat Treatment of Materials
The half of the test samples were heat treated after sintering-stress-relief annealing. Annealing temperature was 850 °C, dwell time 2 h, argon atmosphere. Heat treatment (anealing) was used to release mechanical stress accumulated during direct metal laser sintering (DMLS) process and modify the mechanical properties (high strength and ductility).
Heat treatment is done by placing the part in a carrier flooded with argon at room temperature and afterwards placing the carrier in the preheated oven. Standard laboratory ovens control the inner chamber temperature, which is different from the surface and inner part temperature. To control the part temperature, a sensor placed on the part or better in a drill hole inside of the part should be used. For all parts the dimensions must be taken into account and the holding time needs to be adjusted to assure everything is thoroughly heated through (greater than 2 min/mm thickness but at least 30 min).
Metallographic Study of Materials
The metallographic analysis of sintered materials was performed in two directions-perpendicular and parallel to deposited layers, Figure 3 . 
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Heat Treatment of Materials
The half of the test samples were heat treated after sintering-stress-relief annealing. Annealing temperature was 850˝C, dwell time 2 h, argon atmosphere. Heat treatment (anealing) was used to release mechanical stress accumulated during direct metal laser sintering (DMLS) process and modify the mechanical properties (high strength and ductility).
Metallographic Study of Materials
The metallographic analysis of sintered materials was performed in two directions-perpendicular and parallel to deposited layers, Figure 3 .
The metallographic samples were ground on a set of abrasive papers, polished using polishing silica suspension and etched using Kroll's reagent, 5-10 s at 25˝C. The evaluation of materials microstructure was observed by the light microscopy (Olympus BXFM, Hamburg, Germany). The metallographic samples were ground on a set of abrasive papers, polished using polishing silica suspension and etched using Kroll's reagent, 5-10 s at 25 °C. The evaluation of materials microstructure was observed by the light microscopy (Olympus BXFM, Hamburg, Germany).
Hardness of Materials
The effect of change of the laser power on the structure and mechanical properties of sintered materials was determined by measuring the microhardness on metallographic sections. The hardness measurement was performed on hardness tester Shimadzu HMV2 (Shimadzu, Tokio, Japan), with a load of 2.942 N and a dwell time of 30 s (HV 0.3/30).
Corrosion Properties of Sintered Materials
Measurement of corrosion properties of materials was carried out by potentiodynamic test using potentiostat SP 150 (Bio-Logic Science Instruments, Claix, France) and the results were analyzed by EC Lab software (version V10, Bio-Logic Science Instruments, Claix, France). A three electrode system was implemented: working electrode-test sample, reference electrode-saturated calomel electrode (SCE), and a platinum auxilliary electrode, Figure 4 . To simulate the intrabody environment, measurements were realized in 3.5% NaCl solution (physiological solution). An equivalent circuit, consisting of capacitor and resistance connected in parallel, was utilized, Figure 5 . 
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The time of sample stabilization in the electrolyte was 30 min with recording of free potential every five seconds, or when the minimum potential change˘5 mV occurred. Forced polarization was within the range from´0.3 V against the free potential to 1 V against a reference SCE potential. The polarization rate was 1 mV¨s´1. The resulting current density depending on the inserted potential was plotted in semi-logarithmic coordinates and analyzed by Tafel analysis. The time of sample stabilization in the electrolyte was 30 min with recording of free potential every five seconds, or when the minimum potential change ±5 mV occurred. Forced polarization was within the range from −0.3 V against the free potential to 1 V against a reference SCE potential. The polarization rate was 1 mV•s −1 . The resulting current density depending on the inserted potential was plotted in semi-logarithmic coordinates and analyzed by Tafel analysis.
Modification of Surface Morphology of Sintered Materials
Two blasting abrasives for modification of the surface morphology of sintered materials were utilized-Zirblast B60 and white corundum FEPA 120. Zirblast is the ceramic abrasive, characterized by a greater density and effectivity than glass abrasives and less density than steel abrasives. It is used for surface hardening or cleaning molds etc. White corundum is an abrasive based on synthetic aluminum oxide intended for blasting in closed systems. It is a high resistance abrasive to achieve high quality of the treated surface. Chemical composition of the abrasives is presented in Table 2 and physical properties in Table 3 . A pneumatic air-blast device Sandblasting System TM 0.5 (Rösler, Prescot, UK) was utilized-Miniblast 200. The samples were blasted with abrasives at working pressures of 0.2, 0.4, and 0.6 MPa, nozzle diameter was 1.2 mm, blasting angle 75°, and the distance of the nozzle from the substrate was 200 mm. The samples were blasted until full surface coverage was achieved. Some roughness parameters in 2D and surface volume in 3D were subsequently measured.
2D evaluation was carried out in accordance with STN EN ISO 4287 using Surftest SJ-201 (Mitutoyo, Kanagawa, Japan). Measured parameters were as follows: Ra (an arithmetical mean deviation of the profile on the sampling length), Rz (the maximum height of profile on the sampling length), Rt (the total height of profile on the evaluation length), RSm (mean width of the profile elements on the sampling length) and a non-normalized parameter RPc which defines peak count (the number of roughness profile peaks per an unit length). 
Two blasting abrasives for modification of the surface morphology of sintered materials were utilized-Zirblast B60 and white corundum FEPA 120. Zirblast is the ceramic abrasive, characterized by a greater density and effectivity than glass abrasives and less density than steel abrasives. It is used for surface hardening or cleaning molds etc. White corundum is an abrasive based on synthetic aluminum oxide intended for blasting in closed systems. It is a high resistance abrasive to achieve high quality of the treated surface. Chemical composition of the abrasives is presented in Table 2 and physical properties in Table 3 . A pneumatic air-blast device Sandblasting System TM 0.5 (Rösler, Prescot, UK) was utilized-Miniblast 200. The samples were blasted with abrasives at working pressures of 0.2, 0.4, and 0.6 MPa, nozzle diameter was 1.2 mm, blasting angle 75˝, and the distance of the nozzle from the substrate was 200 mm. The samples were blasted until full surface coverage was achieved. Some roughness parameters in 2D and surface volume in 3D were subsequently measured.
2D evaluation was carried out in accordance with STN EN ISO 4287 using Surftest SJ-201 (Mitutoyo, Kanagawa, Japan). Measured parameters were as follows: Ra (an arithmetical mean deviation of the profile on the sampling length), Rz (the maximum height of profile on the sampling length), Rt (the total height of profile on the evaluation length), RSm (mean width of the profile elements on the sampling length) and a non-normalized parameter RPc which defines peak count (the number of roughness profile peaks per an unit length).
3D visualization of surfaces was realized by putting together particular parallel surface profiles received from a stylus profilometer with spacing of 0.1 mm. The 3D reconstruction of the surfaces was carried using MATLAB. The size of visualized area was 4 mmˆ4 mm. Using MATLAB software, a surface volume of blasted samples was also evaluated. The surface volume (Vp) is a type of volume relating to a unit of nominal surface area. It is the free space between a plane passing through the highest peak and a real surface of the base material. This parameter is used as an example for assessing of tribological nodes, where we can determine an estimated consumption of lubricants and, in the case of biological implants, surface volume affects acceptance of the implant by the human body.
Statistical Evaluation of Surface Morphology of Sintered Materials
The effect of pressure on the value of individual roughness parameters and an influence of blasting media on the parameters for samples blasted by a white corundum and Zirblast were evaluated by ANOVA. We have observed whether the pressure has an effect on the value of the parameter, i.e., statistically significant or insignificant difference. The hypothesis that was tested as the null hypothesis (H0: mean values are the same). The second hypothesis is called an alternative hypothesis, denoted by H1. The significance level α (α-type I error) is the probability of rejection of the null hypothesis although it is true (α = 0.05, α = 0.01). p-value is the lowest level of significance at which the null hypothesis can be rejected. If p < α the null hypothesis is relevant to the alternative hypothesis is rejected. This means that the difference measured in the sample is too large to be merely incidental. Between those variables is a relationship. If p ě α null hypothesis cannot be rejected, it means that the difference measured in the sample can be merely incidental.
It is applied: ‚ p < 0.05 "statistically significant difference" ‚ p < 0.01 "highly statistically significant difference" ‚ p > 0.05 "statistically significant difference".
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Microstructures of the materials sintered using different laser powers are shown in Using MATLAB software, a surface volume of blasted samples was also evaluated. The surface volume (Vp) is a type of volume relating to a unit of nominal surface area. It is the free space between a plane passing through the highest peak and a real surface of the base material. This parameter is used as an example for assessing of tribological nodes, where we can determine an estimated consumption of lubricants and, in the case of biological implants, surface volume affects acceptance of the implant by the human body.
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Results
Microstructures of the materials sintered using different laser powers are shown in Figures 6 and 7. At low magnification (Figure 6 ), a pattern relating to sintering particular powder layers in section perpendicular to the layers deposition can be observed. The pattern appears to be columnar grains orientated to the direction of build. The microstructure of the sintered material at a magnification of 500× are shown in Figure 7 . At low magnification (Figure 6 ), a pattern relating to sintering particular powder layers in section perpendicular to the layers deposition can be observed. The pattern appears to be columnar grains orientated to the direction of build. The microstructure of the sintered material at a magnification of 500ˆare shown in Figure 7 . At low magnification (Figure 6 ), a pattern relating to sintering particular powder layers in section perpendicular to the layers deposition can be observed. The pattern appears to be columnar grains orientated to the direction of build. The microstructure of the sintered material at a magnification of 500× are shown in Figure 7 . Microstructure of materials after stress-relief annealing are shown in Figure 8 . Microstructure of materials after stress-relief annealing are shown in Figure 8 . Microstructure of materials after stress-relief annealing are shown in Figure 8 . From metallographic analysis we can conclude:
 annealing leads to structure pattern dissolving  due to the fact that the analyzed alloy is of (α + β)-type, the primary structure after sintering is lamellar, it has a fine morphology consisting of primary α phase and the acicular phase of probably α'-phase martensite, the rest of structure consists of β phase  in all analyzed materials, after annealing occurs, there is white acicular phase in the structure with a fishbone arrangement, the phase appears on the boundary of some original martensitic needles, although a significant amount of original martensite needles remain unchanged after annealin  since annealing was realized below α → β transition temperature, growth β of the phase has not been recorded  the structure in metallographic sections parallel with deposited layers before and after annealing is equiaxed polyhedric, without visible porosity, high density, and integrity of the material  microstructures do not show any significant differences with respect to different laser powers
The hardness of sintered materials depending on the laser power measured in two directions is shown in Figure 9 . The measured results showed the increase of laser power led to an increase in hardness of materials in both measuring directions. In the direction perpendicular to deposited layers there was recorded higher hardness than in parallel direction. After annealing, the hardness of materials for all laser powers and both measuring directions decreased. More remarkable decrease of materials From metallographic analysis we can conclude:
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The hardness of sintered materials depending on the laser power measured in two directions is shown in Figure 9 . The measured results showed the increase of laser power led to an increase in hardness of materials in both measuring directions. In the direction perpendicular to deposited layers there was recorded higher hardness than in parallel direction. After annealing, the hardness of materials for all laser powers and both measuring directions decreased. More remarkable decrease of materials The measured results showed the increase of laser power led to an increase in hardness of materials in both measuring directions. In the direction perpendicular to deposited layers there was recorded higher hardness than in parallel direction. After annealing, the hardness of materials for all laser powers and both measuring directions decreased. More remarkable decrease of materials hardness was recorded in perpendicular direction compared to parallel direction. This fact can due to dissolving of structure pattern and material structure homogenization.
Corrosion rate of materials after 144 h exposure in the test solution, depending on the laser power and heat treatment, is provided in Figure 10 . hardness was recorded in perpendicular direction compared to parallel direction. This fact can due to dissolving of structure pattern and material structure homogenization. Corrosion rate of materials after 144 h exposure in the test solution, depending on the laser power and heat treatment, is provided in Figure 10 . All corrosion parameters are listed in Table 4 . Figure 10 indicates that the laser power effects the corrosion rate of the material. The lowest corrosion rate was recorded at maximum laser power (190 W). Heat treatment does not effect the corrosion rate remarkably, however it leads to stabilization of corrosion potential of materials Ecorr, Figure 11 . hardness was recorded in perpendicular direction compared to parallel direction. This fact can due to dissolving of structure pattern and material structure homogenization. Corrosion rate of materials after 144 h exposure in the test solution, depending on the laser power and heat treatment, is provided in Figure 10 . All corrosion parameters are listed in Table 4 . All corrosion parameters are listed in Table 4 . Considering the measured values of corrosion rate, laser power 190 W can be recommended for implant sintering. However, for determining the suitability of production technology parameters, it is necessary to consider all properties of the material.
With respect to acceptance of the material by the human body, requirements for the surface roughness of the implants can vary. Therefore, experiments aimed at surface morphology modification by blasting were carried out. There were used two types of abrasives of different material and shape and three values of air pressure for blasting. The values of the roughness parameters measured on the material as-made and on materials blasted at different air pressures are shown in Table 5 . Change of surface character is clear from profiles and Abbot-Firestone curve, Figure 12 .
The results of blasting with Zirblast showed that increasing the air pressure lead to decreasing of Ra. This result can be attributed to the ratio of hardness of Ti6Al4V vs. Zirblast. When comparing the parameters Rz and Rt it was shown their gradual decrease. Surface roughness in horizontal direction was characterized by parameters RSm and RPc. There was recorded increasing of RSm parameter at all air pressures by more than 100%, the value of the parameter RPc analogically decreased. Considering the measured values of corrosion rate, laser power 190 W can be recommended for implant sintering. However, for determining the suitability of production technology parameters, it is necessary to consider all properties of the material.
With respect to acceptance of the material by the human body, requirements for the surface roughness of the implants can vary. Therefore, experiments aimed at surface morphology modification by blasting were carried out. There were used two types of abrasives of different material and shape and three values of air pressure for blasting. The values of the roughness parameters measured on the material as-made and on materials blasted at different air pressures are shown in Table 5 . Change of surface character is clear from profiles and Abbot-Firestone curve, Figure 12 . The group of sharp-edged blasting abrasives was represented by white corundum. The values of the parameters Ra, Rz, and Rt decreased with air pressure increasing, but reached higher values compared to surface blasted with Zirblast. The RSm value increased compared to as-made material by 85% and the value of RPc parameter decreased by 100%. For both abrasives, despite their shape and material difference, a similar course of roughness parameters was recorded, but the values were higher for white corundum. Recommendation of appropriate blasting parameters and abrasives depends on the specific demands on the implant surface. Blasted surfaces were visualized using 3D maps and optical microscopy, Figure 13 . 3D image of surfaces clearly showed the influence of blasting abrasives used to the final character of the surface. Surfaces blasted with spherical abrasive-Zirblast-are characterized by mutually intersecting indentations of spherical cap shape. Surfaces blasted with white corundum consist of large number of sharp notches. The results of blasting with Zirblast showed that increasing the air pressure lead to decreasing of Ra. This result can be attributed to the ratio of hardness of Ti6Al4V vs. Zirblast. When comparing the parameters Rz and Rt it was shown their gradual decrease. Surface roughness in horizontal direction was characterized by parameters RSm and RPc. There was recorded increasing of RSm parameter at all air pressures by more than 100%, the value of the parameter RPc analogically decreased.
The group of sharp-edged blasting abrasives was represented by white corundum. The values of the parameters Ra, Rz, and Rt decreased with air pressure increasing, but reached higher values compared to surface blasted with Zirblast. The RSm value increased compared to as-made material by 85% and the value of RPc parameter decreased by 100%. For both abrasives, despite their shape and material difference, a similar course of roughness parameters was recorded, but the values were higher for white corundum. Recommendation of appropriate blasting parameters and abrasives depends on the specific demands on the implant surface.
Blasted surfaces were visualized using 3D maps and optical microscopy, Figure 13 . 3D image of surfaces clearly showed the influence of blasting abrasives used to the final character of the surface. Surfaces blasted with spherical abrasive-Zirblast-are characterized by mutually intersecting indentations of spherical cap shape. Surfaces blasted with white corundum consist of large number of sharp notches.
as-made zirblast, 0.6 MPa Surface volume (Vp) of evaluated surfaces is shown in Table 6 . The results showed that the Vp is higher in surfaces blasted with corundum. It confirms the assumption that the surface is more rugged when blasting with sharp-edged abrasive. These values correspond with results of surface roughness mentioned above. Increasing air pressure led to smoothing surface and lower surface volume. Table 7 , we present the calculated p-values for the individual parameters measured on the samples which have been blasted with two blasting media. For the Ra, Rz, and Rt is a statistical difference in both blasting media. It means that the pressure effects the value of the parameter. For parameters RSm and RPc the sample blasted by Zirblast the difference is not statistically significant (pressure does not affect the value of the parameter) for the sample blasted white corundum difference is not statistically significant only for α = 0.01. 
The average values of the Zirblast blasted and blasted by white aluminum oxide were compared using the t-test. The results of p-values at different pressure are depicted in the Table 8 . At a working pressure of 2 bar, the difference is statistically significant. It means that the type of blasting media has an effect on the value of the parameter. At an operating pressure of 6 bars and 4, it is not statistically significant difference only for the Ra parameter (type of blasting media has no influence on the value of parameter). Therefore, the type of the blasting media has an influence on characteristics of profile roughness, in particular to its parameters. Surface volume (Vp) of evaluated surfaces is shown in Table 6 . The results showed that the Vp is higher in surfaces blasted with corundum. It confirms the assumption that the surface is more rugged when blasting with sharp-edged abrasive. These values correspond with results of surface roughness mentioned above. Increasing air pressure led to smoothing surface and lower surface volume. In Table 7 , we present the calculated p-values for the individual parameters measured on the samples which have been blasted with two blasting media. For the Ra, Rz, and Rt is a statistical difference in both blasting media. It means that the pressure effects the value of the parameter. For parameters RSm and RPc the sample blasted by Zirblast the difference is not statistically significant (pressure does not affect the value of the parameter) for the sample blasted white corundum difference is not statistically significant only for α = 0.01. The average values of the Zirblast blasted and blasted by white aluminum oxide were compared using the t-test. The results of p-values at different pressure are depicted in the Table 8 . At a working pressure of 2 bar, the difference is statistically significant. It means that the type of blasting media has an effect on the value of the parameter. At an operating pressure of 6 bars and 4, it is not statistically significant difference only for the Ra parameter (type of blasting media has no influence on the value of parameter). Therefore, the type of the blasting media has an influence on characteristics of profile roughness, in particular to its parameters. 
Conclusions
In order to determine the influence of laser power in Ti6Al4V powder sintering on mechanical properties and the corrosion behavior of sintered materials in the corrosive environment, we realized experimental works on a set of test samples sintered at three laser powers.
Mechanical properties were studied through hardness of materials. Material hardness showed different values with respect to the orientation of the measurement plane against sample building direction. Hardness of materials increased with laser power and values varying from 370 to 415 HV 0.3/30. After stress-relief annealing, the structure of materials became homogenized, pattern spacing dissolved, and hardness in both directions became stabilized at values of 350-370 HV 0.3/30.
Change in laser power led to a change in corrosion rate of materials in an environment of 3.5% NaCl. At the highest laser power (190 W), corrosion rate significantly decreased, stress-relief annealing led to the stabilization of corrosion potential Ecorr.
Abrasive blasting of sintered materials, due to the substrate/abrasive hardness ratio, led to decrease of the surface roughness of materials with air pressure increasing. Blasting with Zirblast, due to the round shape of grains, led to a more significant decrease of roughness parameters compared with surfaces blasted with sharp-edged white corundum. Different shapes of abrasive caused characteristic surface morphology.
Surgeons, based on their clinical experiences, will know according to ethealon (samples with defined roughness) and palpation, which roughness is sufficient for which clinical case. Surface quality is selected according to the anatomical part of human body, function and mechanical properties of replaced tissue, and demand for osseointegration.
